The efficiency of Eu3+ luminescence by energy transfer from an antenna ligand can be strongly dependent on the metal ion coordination geometry. The geometric component of the Eu(III) sensitization has been probed using series of tetradentate 1,2-HOPO derivatives that are connected by bridges of varying length and geometry. The ligands are N,N'-(1,2-phenylene)bis(1-hydroxy-6-oxo-1,6-dihydropyridine-2-carboxamide) for the ligand (L 1 ), 1-hydroxy-N-(2-(1-hydroxy-6-oxo-1,6-dihydropyridine-2-carboxamido)benzyl)-6-oxo-1,6-dihydropyridine-2-carboxamide (L 2 ) and N,N'-(1,2-phenylenebis(methylene))bis(1-hydroxy-6-oxo-1,6-dihydropyridine-2-carboxamide) (L 3 ). Spectroscopic characterization of both the Gd(III) and Eu(III) metal complexes, TD-DFT analysis of model compounds and evaluation of the kinetic parameters for the europium emission were completed. Some striking differences were observed in the luminescence quantum yield by altering the bridging unit. The 
Introduction
Luminescent lanthanide complexes have attracted much recent attention because of their use in a wide variety of applications such as bio-fluoroimmunoassay, 1, 2 as sensors, [3] [4] [5] [6] [7] in light emitting diodes, [8] [9] [10] and as waveguide amplifiers for lasers. [11] [12] [13] [14] [15] [16] [17] [18] In most cases, these complexes consist of a lanthanide ion attached to a chelating chromophore which acts as a sensitizer, transferring its excitation energy to the lanthanide ion and protecting the ion from water coordination. The presence of the chromophore overcomes the limitation of an intrinsically small molar absorption coefficient () for the metal by using a strongly absorbing organic ligand (antenna effect) by thus increasing the brightness (defined as the product of the luminescence quantum yield and of the molar absorption coefficient). The luminescence lifetimes of the lanthanide ions, which are highly sensitive to the local environment and especially to quenching by OH vibrations are maintained by keeping water molecules' out of the inner coordination sphere. The unique properties of these ions include line like emission (going from the visible to the Near Infra-Red [NIR] by changing the lanthanide used), very long lifetimes (from the ms or sub-ms range for the visible emitters to the µs or sub-µs range for the NIR emitters) and the relative insensitivity of their emission to the presence of dioxygen. 19, 20 Despite extensive research, the optimization of the energy transfer for the sensitization of the lanthanide ion by exciting complexed chromophores is still not fully understood. In this regard, the europium ion is an interesting probe since Beeby et al. 21 and Verhoeven et al. 22 have shown that the 3 steady state luminescence spectrum and the luminescence lifetime of the europium ion can be used to evaluate the efficiency of the sensitization process.
Herein, we report the synthesis and optical studies of some aryl bridged 1-hydroxypyridin-2-one (1,2-HOPO) derivatives. The use of an aryl unit as a bridge 23 (compared to aliphatic versions previously published 24, 25 ) has been shown recently to not significantly affect the triplet excited state energy, but has a strong effect on the luminescence quantum yield ranging from ca. 21% for aliphatic bridged derivatives to 6% for [Eu(L 1 ) 2 ]  in aqueous solution at pH = 7.4. Furthermore, these types of 1,2-HOPO containing ligands have been previously shown to be efficient europium sensitizers and form highly stable complexes. 24, 25 In particular, the high thermodynamic stability of the complexes in aqueous solution allows measurements at M and even nM concentrations without evidence of hydrolysis or 23 In order to better understand the differences between these systems, the photophysical data were analyzed using the methods described by Beeby 21 and Verhoeven 22 in three different solvents; two protic solvents (buffered water at pH = 7.4 and methanol) and an aprotic solvent (dimethylsulfoxide, DMSO).
Experimental
General 2-aminobenzylamine was purchased from Sigma-Aldrich while ,'-diamino-o-xylene was synthetized as described elsewhere 26 as were L 1 and L 4 and their Gd and Eu complexes. 23, 24, 25 Thin-layer chromatography (TLC) was performed using precoated Kieselgel 60 F254 plates. Flash chromatography was performed using EM Science Silica Gel 60 (230-400 mesh). NMR spectra were obtained using either Bruker AM-300 or DRX-500 spectrometers operating at 300 (75) MHz and 500 (125) MHz for 
Synthesis

General method for the preparation of Benzyl protected 1,2-HOPOBn derivatives
Over a one hour period, a solution of 1,2-HOPOBn acid chloride 27 (2.4 Eq) in dry dichloromethane (35 mL) was added dropwise to a mixture of the appropriate diamine derivative (1 Eq) and 30% potassium carbonate solution (5 mL) in dichloromethane (20 mL) with vigorous stirring and external cooling by means of an ice bath. The mixtures were warmed to room temperature with stirring, until TLC indicated the reactions were complete. The organic phase was separated and the crude products were loaded on a flash silica column. Elution with 2-4% methanol in dichloromethane allowed for facile separation of the benzyl-protected precursors, which were all pale yellow oils that solidify upon standing. 
2-Aminomethylaniline
Computational Studies
Ground state density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were performed at the Molecular Graphics and Computational Facility, College of Chemistry, University of California, Berkeley. In both cases, the B3LYP/6-311G++ (d,p) basis set provided in Gaussian'03 28 was used, with simplified input structures derived from a previously reported crystal structure 24, 25 All calculations were done in the gas phase and geometry optimizations were performed with no symmetry restraints. As a simplified model, only the 6-phenyl amide and 6-benzyl amide of 1,2-HOPO were used as the input structures, and these were first geometry optimized with no symmetry constraints to give the relaxed output geometries.
Optical spectroscopy
UV-Visible absorption spectra were recorded on a Varian Cary 300 double beam absorption spectrometer. Emission spectra were acquired on a HORIBA Jobin Yvon IBH FluoroLog-3 spectrofluorimeter, equipped with 3 slit double grating excitation and emission monochromators (2.1 nm/mm dispersion, 1200 grooves/mm). Spectra were reference corrected for both the excitation light source variation (lamp and grating) and the emission spectral response (detector and grating). M and 1.0 cm cells in quartz suprasil or equivalent were used for all measurements. Quantum yields were determined by the optically dilute method (with optical density <0.1) using the following equation;
where A is the absorbance at the excitation wavelength (λ), I is the intensity of the excitation light at the same wavelength, n is the refractive index and D is the integrated luminescence intensity. The subscripts 'x' and 'r' refer to the sample and reference respectively. For quantum yield calculations, an excitation wavelength of 340 nm was utilized for both the reference and sample, hence the I( λr)/I( λx ) term is removed. Similarly, the ratio of the refractive indices term, nx2/nr2, was assumed identical for the aqueous reference and sample solutions. Thus, a plot of integrated emission intensity (i.e. Dr) vs. supporting information, respectively).
Theoretical calculations.
In order to obtain a more complete picture of the ligand ground and excited states, time-Dependent Density functional theory (DFT) calculations using the B3LYP functional were performed using Gaussian'03 following the method of Picard et al., 30 The trivalent Ln cation was substituted by a monovalent Na atom. For L 1 and L 3 fragments, the resulting optimized geometry and relevant molecular orbital diagrams are depicted in Figure 2 , and the resulting predicted electronic transitions in the UV/Vis region from TD-DFT analysis summarized in Table 1 .
Details of the singlet and triplet state energies can be obtained from these calculations. The L 1 and L 3 linkages are well described by the model presented in Figure 2 ; the L 2 linkage, with both a phenyl and benzyl linking unit, can be considered as a mixture of both L 1 and L 3 . As noted elsewhere, 25 the calculated LUMO molecular orbital is metal centered, and transitions involving this orbital (i.e.
involving an LMCT to the Na cation) is an artifact of the under-estimate of the lowest energy singlet transition energy. 31 Thus, the orbital labeled LUMO+1 should be considered the lowest unoccupied molecular orbital in the case of the Ln(III) complexes. As can be seen from Figure 2 , the HOMO → LUMO+1 transition can be described as a * transition for both systems. Importantly, the second lowest singlet energy (i.e. S 0 → S 2 ) can be described as a combination of the HOMO → LUMO+2 and HOMO-1 → LUMO+1 transition and these evidently possess some intra ligand charge transfer (ILCT)
character. For the L 1 linkage, this ILCT is from the bridge to the central 1,2-HOPO chromophore while for L 3 , the HOMO → LUMO+2 has significant ILCT character from the chromophore to the bridge.
As can also be seen in Tables 1 and 3 , the estimated singlet ground state energies and the triplet excited state energies match well with the experimental data. In particular, the triplet excited state is predicted to be near 21,000 cm -1 , in agreement with the previous 1,2-HOPO derivatives already published [23] [24] [25] and is of an energy to efficiently sensitize the europium cation.
UV/visible absorption spectroscopy
The UV/visible absorption data for each of the Eu(III) and Gd(III) complexes in the different solvents are summarized in Table 2 which is also in agreement with previous results for the aliphatic bridged 1,2-HOPO derivatives. 24, 25 Thus, conjugation of a phenyl unit with the 1,2-HOPO chromophore through an amide function does not yield any relevant increase of the molar absorption coefficient. In methanol and DMSO, similar trends in the position of absorption maxima and the value of the molar absorption coefficients were observed.
No differences were observed when comparing the gadolinium and europium complexes, showing the absence of an effect due to the lanthanide cation in the ground state.
Luminescence properties of the gadolinium complexes.
In order to estimate the energies of the ligand-based triplet excited state, the Gd(III) complexes were studied. Gadolinium is a 4f 7 lanthanide cation with almost the same electronic structure and size as the europium cation (4f 6 ), but lacks an accessible metal-based low energy electronic excited state. For these complexes, at room temperature, only a broad weak emission centered around 400 nm can be seen for Figure   S1 ). This emission can be attributed to the singlet excited state of the 1,2-HOPO chromophore complexed to the gadolinium cation.
At 77K, in solid matrix, an emission band at ca. 500 nm can be seen. This emission, red shifted compared to the singlet excited state, is assigned to the triplet excited state below the singlet excited state observed at room temperature, as illustrated in Figure 4a where the luminescence spectra of the three gadolinium complexes at 77K are depicted. From these spectra, it appears the triplet excited states (Table 3) . It is important to note that this energy is ideal for excitation of this ligand, which, as demonstrated elsewhere, efficiently sensitizes europium luminescence with overall quantum yields on the order of 20%. 24, 25 Noticeably, since the triplet excited state energies of all these ligands are identical, no difference in the energy transfer efficiency is expected, and thus the observed differences in the excited singlet/triplet gap cannot be interpreted with confidence.
Luminescence properties of europium complexes.
The emission spectra are typical for Eu(III) 1,2-HOPO derivatives, with very intense J = 2 transition For the steady state emission spectra, the luminescence quantum yields and luminescence lifetimes of the Eu(III) complexes were also measured in three different solvents (aqueous with 0.1 M TRIS buffer pH= 7.4, methanol and DMSO solutions) in order to determine the relevant radiative and non-radiative parameters in these differing environments. Where possible, the luminescence lifetimes were also measured in the corresponding deuterated solvents, in order to estimate the number of bound solvent molecules in the inner sphere (i.e. q in water 34 , and n in methanol 35 ) using the empirical Horrocks equations.
The results presented in Table 3 Importantly, despite a small shift of the triplet excited state, the observed variations in quantum yield and also of luminescence lifetimes are significant, which would not be the case if the sensitization efficiency were only related to the energy of the triplet excited state. Luminescence lifetimes were also determined at 77K, in a solid matrix (Table 3) , which allowed determination of whether back energy transfer between the donor triplet excited state and the acceptor manifold excited state of the lanthanide is present, or alternately whether quenching via low lying LMCT state occurs. In either case, luminescence lifetimes were found to be a few order of magnitude lower in solution than at 77K, [36] [37] [38] As can be seen from Table 3 by comparing the 77K measurements to those in methanol solution, no such quenching occurs since there is only a small difference between the luminescence lifetimes in solution and in solid state (77K). Hence, we conclude that 1,2-HOPO derivatives possess a triplet state ideally located (around 20,000 and 21,000 cm -1 ) for efficient energy transfer to the europium 5 D 1 level.
Quantitative determination of the Eu III sensitization parameters.
Following the work of Beeby et al. 21 and of Verhoeven et al. 22 , the efficiency of the sensitization can be estimated using a method that defines the overall quantum yield of luminescence ( Eu ) as the product of the efficiency of the intersystem crossing ( ISC ), the efficiency of the energy transfer ( ET ) and the efficiency of metal centred luminescence ( Eu ).
In this equation, the  ISC  ET termcannot be easily broken into its individual components, and the product is instead termed the sensitization efficiency,  sens ( sens = ISC  ET ). The overall quantum yield of luminescence,  Eu , is determined experimentally while  Eu is determined as:
where  Eu is the measured Eu lifetime and  R is the pure radiative lifetime that can be estimated from the emission spectra as follows :
The constant A(0,1) is the spontaneous emission probability of the 5 D 0 → 7 F 1 transition, equal to 32.3 s -1
in water and I tot /I(0,1) is the ratio of the total integrated emission intensity to the intensity of the
The result of the k R can be correlated to the variation of the sum of the non-radiative decay constant:
These parameters were calculated for the three complexes in the three different solvents and are reported in Table 4 for aqueous, methanolic and DMSO solutions respectively.
As can be seen from 
Conclusion
In conclusion, the Eu(III) HOPO complexes are promising for time resolved luminescence application.
In order to see the effect of geometry and electronic properties of the bridge on the optical properties, 
